ABSTRACT: The influence of 4 scales of substratum heterogeneity on the establishment of a temperate sessile marine epibenthic community (Beaufort, North Carolina, USA) was examined over a period of 1 yr. Artificial panels with crevices representing 4 scales of heterogeneity of 0. 1, 10 and 100 mm and with combinations of these crevices representing 4 levels of complexity (0+ 1 + 10, 0+ 1 + 100, 0 + 10+ 100 and 0+ 1 + 10+ 100 mm) were deployed in January 1991 and sampled in March, June, September 1991, and January 1992. Significant temporal changes in abundance ( % cover) and species dominance were observed during each sample period. Initially (within 5 mo after immersion), significantly lower abundances occurred on panels with the 1 mm scale compared with panels without this scale. Changes in diversity appeared to be related mainly to the 100 mm scale of heterogeneity regardless of the complexity level: dwersity values found on panels which included the 100 mm crevices were initially low, but exceeded that of all other panels by January (1 yr after immersion). In summary, panel complexity was not the major factor influencing community structure, but the scale of heterogeneity (1 mm for abundances and 100 mm for diversity) had important and significant effects. These results indicate the specific importance of the 1 mm scale not only during the larval settlement phase but also during the development of the community. We compared these results with laboratory experiments using inert particles and similar panels, whose results suggest that larval behaviour is lnvolved in the selection of settlement sites.
INTRODUCTION
Substratum heterogeneity has long been known to influence larval settlement of marine epibenthic invertebrates (Crisp & Barnes 1954 , Barnes 1956 , Crisp 1974 , Bergeron & Bourget 1986 , Bourget 1988 , Chabot & Bourget 1988 , but recent studies have emphasized the potential importance of microhabitat selection of larvae in structuring the developing con~munity (Keough & Downes 1982 , Walters 1992 , Underwood & Chapman 1996 , Hills & Thornason 1998 . The influence of substratum heterogeneity (grooves of different size or scale) and complexity (combinations of scale) on the early establishment of a northern con~munity in the Bay of Fundy, Eastern Canada, has been examined by Bourget et al. (1994) . They found that both substratum heterogeneity and complexity had little influence on diversity and abundance during the early phases of community development (3 mo), but controlled the small-scale distribution of species. The influence of the same scales of heterogeneity and complexity on the settlement of Tubulana and Balanus sp. larvae was examined in a temperate environment by Lemire & . The study confirmed that (1) larvae of both species exhibited settlement preferences with respect to scales of topographic heterogeneity (0, 1, 10 and 100 mm V-shaped grooves), (2) these preferences were modified by substratum complexity (combinations of scales of heterogeneity), and (3) they were mediated by larval behaviour directly on or near the substratum (benthic behavi0u.r after initial contact with the substratum). Gregoire et al. (1996) , using inert polyvinylchloride particles (PVC) and the same experimental panels in a laboratory flume, examined whether hydrodynamics could generate the patterns of small-scale distribution observed in the field, and showed that the density of adhering particles decreased with increasing panel complexity. Thus, there are indications that substratum heterogeneity and complexity influence the early structure of nearshore benthic communities, at least in northern, and possibly in temperate environments.
Using the same experimental approach, the present study tests the hypothesis that the structure of a temperate epibenthic community is modified by substratum heterogeneity and complexity in both early and late successional stages. The importance of substratum heterogeneity becomes is important because it becomes pointless to examine short-ierm or small-scale patterns of settlement in order to predict the abundance and diversity of a community if, in the long run, these variables do not significantly alter the outcome of community structure.
The succession of benthic species through the processes of competition, predation and mutualism has become well known (Connell 1975 , Schoener 1983 , Roughgarden 1983 , Dayton 1984 , Underwood & Denley 1984 , so much so that a new approach ('supply side ecology') has emerged in recent years. This approach aims at predicting the trajectory of population development either from the percentage of free space on a given substratum, or from larval abundances in the plankton (Lewin 1986 , Roughgarden et al. 1987 , Le Fevre & Bourget 1991 , Gaines & Bertness 1992 , Grosberg & Levitan 1992 , Miron et al. 1995 . This procedure is only one step from predicting community structure from initial population abundance on a substratum given knowledge of the relative competitive ability of each species.
In recent years, small-scale topography, hitherto unconsidered as a predictor variable, has been shown to considerably influence larval settlement patterns, particularly through its effect on local or boundary layer hydrodynamics (Eckman 1983 , Mullineaux & Butman 1991 , Harvey et al. 1995 , Bourget & Harvey 1998 . In a heterogeneity range between <0.5 and 4 mm, Hills & have shown that settlement density of barnacle Sernibalanus balanoides was higher on tiles with a heterogeneity of less than 0.5 mm. By comparing large-and small-scale heterogeneity (approx. mm, cm and km), some recent f~eld experiments have shown that small-scale substratum heterogeneity (mm) plays a major role in determining the biomass and diversity of subarctic benthic communities (Archambault & Bourget 1996 , Blanchard & Bourget 1999 , with little evidence for large-scale impact (km, coastal contour). Underwood & Chapman (1996) , however, have pointed out the importance of small-(cm or 1 to 2 m) or large-scale (hundreds of meters) in explaining the variabi1i.t~ in abundance of many species in New South Wales, Australia. Thus, the questions of whether topographic heterogeneity and complexity influence initial settlement and subsequent community developments, and if so, which scales are significant, are central to benthic community ecology. This study examines the overall effect of small-scale (<l0 cm) substratum heterogeneity and complexity on the abundance, dominance and species diversity over the 1st yr of development of a temperate epibenthic community.
METHODS
The experiments were carried out under a raft near the Duke University Marine Laboratory, in Beaufort, North Carolina, USA, between January 1991 and January 1992. In January 1991, 64 dark grey PVC (polyvinyl chloride) panels (30 X 15 cm) were attached vertically to the raft, in 8 groups, each including 1 of 8 panel types (Fig. 1) . The panels were mechanically grooved (small scales: 1 and 10 mm) using specially crafted blades, and could thus be precisely replicated (see Bourget et al. 1994 ). Larger scale panels (100 mm) were obtained by attaching together, using tie raps, precut portions of panels, either smooth or grooved. Each panel was sandblasted (<0.75 mm grit) to remove the glossy finish from the PVC. Three groove sizes of 1, 10 and 100 mm (representing 3 scales of heterogeneity) and flat surfaces were arranged in all possible individual or nested combinations of scales (the latter representing ? scales of complexity) (Fig. 1) . The resulting 8 panel types were panel type A, smooth without grooves (representing the 1st order of complexity), panel types B (0 + 1 mm), C (0 + 10 mm) and D (0 + 100 mm), which included 2 different scales of heterogeneity (representing the 2nd order of complexity), panel types E (0 + 1 + 10 mm), F (0 + 1 + 100 mm) and G (0 + 10 + 100 mm), which included 3 scales of heterogeneity each (3rd order of complexity), and panel type H which included all groove sizes (0 + 1 + 10 + 100 mm) and was the most complex (4th order of complexity)
The 8 panel types (treatments) were deployed in a Latin square design to control for the possible confounding effects of current. Each line and column of the 8 X 8 Latin square was formed with 1 replicate of the 8 treatments (Fig. 2) . Panels of each column were attached to a PVC pipe, treated as another variable ('supporting frame') in the analysis. All the panels were submerged. 30 cm below the water surface. Measurements were made in March, June and September 1991. In January 1992, the panels were reexamined for the effect of panel types only (see below). About 3 wk were needed to examine all the panels. To prevent continuing settlement over this period, all panels were removed from the sea at the beginning of each sampling period and placed in 3 outside pools supplied with continuous filtered seawater flow. For sampling, each of the 8 panels from a given supporting frame, selected at random, were brought into the laboratory and kept in a tank. Consequently, panel manipulations and current effects are confounded in this Latin square design and hereafter referred to as 'supporting frame' effects.
Percent cover of all sessile species was evaluated at the scale of (1) the whole panel to characterize the effects of complexity of the panels, and (2) the smallest surface type inside each panel type (for panels B to H), to examine the effect of different scales of heterogeneity. A non-destructive, random-dot technique (Brault & Bourget, 1985) was used for these 2 types of sampling. For the overall panel effect, percent cover was estimated using quadrats (20 X 10 cm) with 100 random points marked on transparent films which were placed over the centre of each panel to avoid border effects (5 X 2.5 cm). Sessile organisms which settled under the dots were identified to species or genus and counted. Percent covers > l o o % were possible due to epizooic overgrowth. Whole panel diversity (H') was also calculated from these data using the Shannon-Wiener index (logz). A total of 27 different surface types were identified on the 8 different panel types (Fig. 1) . Four replicates of each surface type were sampled on each panel. Each surface type was evaluated using 20 dots randomly distributed along a 20 cm line transect on a transparent film. Positions of transects were also determined at random from all 1 mm positions possible on a given panel. Again, 5 cm on each side of the panel (length = 30 cm) remained unsampled to prevent border effects. Transects were placed along the individual surfaces and organisms touching the dots were counted. A count >20 organisms was possible due to epizooic overgrowth. In June and September an extensive sampling was carried out to examine fine-scale distributions within the 100 mm crevices. Visual examination of the panels suggested community differences between the top and the bottom of the 100 mm crevices. Therefore, these crevices were divided into 2 parts. Four replicates of each surface type were sampled within each part, thus doubling the standard number of samples per surface type. Since no significant differences were detected between the top and bottom halves of the same crevice, the 8 replicates were used and, consequently, in June and September the number of replicate surfaces inside the 100 mm crevice was twice that for March and the other surface types (see df in Table 4 for June and September).
Because panels were sampled over time, repeated measures MANOVA were carried out on the Latin square design. For both abundance and diversity variables, normality (Shapiro-Wilk statistic, p > 0.05), homogeneity of variances (multivariate Bartlett test, x2 = 73.3, p = 0.37, and x2 = 77.7, p = 0.25 respectively) and the sphencity assumption of the multivanate approach (Mauchly's criterion, x2 = 10.11, p = 0.07 and x2 = 7,68, p = 0.18 respectively) were all respected. Hence, as the univariate analyses are more powerful than the multivariate approaches (repeated measures) when these criteria are respected (Girden 1992) , only these univariate approaches will be presented here.
Surface types were not repeated over time (only the panels were), therefore, the repeated design was not appropriate at the surface type scale. An analysis of variance on the surface types effect (1 to 27) nested in the 8 panel types (A to H) was then used for each sampling period (March, June and September). With such large sample sizes (n = 864 in March and n = 1152 in June and September), tests of normality and homogeneity are often significant even when only small deviations occur. Normality of the residuals was not respected in March and September despite low skewness values (0.42 and 0.45 respectively), and variances were not homogeneous for any of the sampling periods. Hence, we performed the same analyses of variance on rank transformed data and compared the results with the parametric procedure. This procedure is equivalent to applying a nonparametric Friedman statistic with panel types as blocks. Since the statistical results were similar (a = 0.05) only the parametric analyses will be shown (Conover 1980) .
Multiple comparisons using the Least-squares means method (LSmeans, SAS software; SAS 1989) were applied with probability levels divided by the number of degrees of freedom (Bonferroni correction). In short, the LS means are pairwise t tests that compare adjusted means and use the mean square error as the error term. By using LSmeans it is possible to compare differences between each level of one factor against each level of another factor.
In addition to the ANOVAs, contingency tables were used to test if the occurrence of the different species are the same for the 8 panel types. The log-likelihood ratio statistic G (Zar 1984) was calculated for each month. Once the G statistics were significant, a cell deviate (Z) indicated which cells from the contingency table were significantly different from their expected frequency, according to Legendre & Legendre (1984, p. 186; adapted from Neu et al. 1974) .
RESULTS

Species composition
In March, the mean diversity was very low (H' = 0.64). Among the 7 species settled on the panels, the hydroid Tubularia crocea accounted for 81.6 % of occurrences ( Fig. 3) and the low diversity reflected the dominance of this species. In June, higher diversity values (H' = 2.47) were due to more even occurrences among the 15 species observed compared to species present in September (n = 20) and January (n = 22). In fact, in June, the 5 most abundant species accounted for 79.5 % of total occurrences, compared to over 90%) at the other sampling periods. The community was different for each sampling period. plicata, the most abundant species, were higher than expected on panel types B, C and D (2nd order of complexity), and lower than expected on panels of the 3rd order of complexity, E and F. Thus, the sum of results indicated that the patterns of occurrence as related to the panel type were species dependent.
Whole panels: complexity effects
Abundance
As expected, among the factors examined, time had the most important effect on abundance (F = 887.6, p = 0.0001, Table 2 ). Changes with time were considerable. Mean percentages of about 40% were observed in March, 70% in June and 110% in September and January (Fig. 4) . Recruitment was also significantly influenced by the panel type (F =12.52, p = 0.0001) and this effect varied with time (as indicated by the significant interaction term; F = 6.62, p = 0.0001). There was no significant line effect (random factor; Table 2 ). Effects due to the significant interaction (F =3.21, p = 0.0001) between time and the supporting frame (random factor) were removed from the experimental error by the design. Multiple comparisons carried out within panel types for each sampling period (Table 3a , column 1) indicate that abundances were significantly lower in h,larch than in June (except for panels G, not significant), which were lower than in September and January. Significant differences in abundance levels among panel types within time (Table 3a , column 2) were found only in March and June on panels which included the 1 mm scale (B, E, F, H, in bold; Table 3 ). These 1 mm panels had significantly lower abundances than the other panels. In March, within each of the 'with and without 1 mm' groups, abundance on panels decreased with the order of complexity. Within each group, panels that included the 10+100 mm scales (panels G and H) exhibited highest abundances (3rd and 4th order of complexity), followed by panels with the 10 mm scale (panels C and E) and by panels with the 100 mm scale (panels D and F) (3rd and 2nd order of complexity). Lower abundances occurred on panels A and B, those without 10 or 100 mm grooves and of 2nd and 1st order of complexity. The correction used is very conservative and had differences been observed at a = 0.024 instead of a = 0.0071, abundances on panels G would have been significantly higher than on panels C, D , A and differences between H and E, F, B would have reached significance (Table 3a , column 2). This suggests that there was an overall positive effect on abundance at the 0 + 10 + 100 mm scales in addition to the most important Table 3b , column l ) . At the beginning of the experiment, diversity was higher on the less complex surfaces and the opposite pattern was observed in January; no detectable effect was observed during the transition period (June and September) (Table 3b , column 2 & Fig. 4) . Panels with 100 mm crevices (panels D, F, G, H) showed lower diversity than other panel types in March, whereas in --January significantly higher diversity was observed on panel types F, H, G compared to panel types E, A, C, B. Diversity on panel type D was not significantly higher than on panels E, A, C, B though the mean value was higher.
In summary, diversity was low in March for all panel types, with significantly lower diversity on panels that included the 100 mm scale compared to other panel types. The opposite pattern was found in January 1992 with highest diversity associated with the 100 mm scale. Over the year, diversity was highest in June.
Abundance (%)
Diversity H' 1 2 0~ 31 negative effect of 1 mm grooves. However, this 0 + 10 a + 100 mm scale effect was not observed in the subsequent months.
In summary, panels without 1 mm grooves supported higher abundances compared to others but only in the 2 first sampling periods (March and June), when space The surface type effects on abunare in bold dance nested within the 8 panel types were significant for all sampling periods (Table 4 ; March, F = 4.39, p = 0.0001; June, F = 6.24, p = 0.0001; September, F = 2.17, p = 0.0057). In March, significant interaction occurred between surface types and the random factor panels (F = 1.51, p = 0.0006). This interaction was not interpreted further due to the randomness of the interaction (Milliken & Johnson, 1992) . Multiple comparisons of abundances among surface types (Table 5 ) performed within panel types showed that, in March, when differences were significant, the highest abundance usually occurred outside the 10 mm crevices. Abundance order for the surface types given in Fig. 1 as follows: C panels, surfaces 4 > 5 ; E panels, 8-9 > 10-11; G panels, 16-18 > 17-19; H panels, 25-21-20 > other surfaces. In June, the pattern was different to that in March. Higher abundances were usually observed outside, rather than inside, the 100 mm crevices Surface types: heterogeneity effects (with the exception of surface numbers in parentheses which follow) but only for panels with complexity levDiversity was not calculated from each surface type els 3 or 4. Abundance order for surfaces as defined in as it represented a very small area (20 cm2). Therefore, Fig. 1 for June were as follows: F panels, surfaces for this unit of sampling, the scale of heterogeneity 13-12-(15) > 14; G panels, 16-17 > 18-19; H panels, effect was analysed only for the variable abundance.
21-23 > 27-24-26. In September, only panel types F, G Table 5 . Least-squares means com.parisons among surface types (1 to 27) within panel types (B to H). Surface types are i.n decreasing order of the mean, and groups underlined are not significantly different. Probability levels were corrected by the degrees of freedom wthin each panel type
Panel type March June September and H showed differences among surface types. On panels F, abundances on surface 15, inside the 100 mm crevices, were higher than on surface 13, outside these crevices. The opposite was observed in June. For panel types G and H, although differences in abundance were less pronounced in September than in June, the pattern of distribution was similar between the 2 months, with abundances on surfaces 17 > 19 (panels G) and those on surface 22 > 24-27-(21)-25 and 26 on panels H. There was a tendency for abundances to be higher on surfaces outside the 100 mm crevice than on surfaces inside the 100 mm crevice, apart for surface numbers in parentheses. In summary, higher abundances were observed outside the 10 mm crevices in March and outside the 100 mm crevices in June and September, except for the F panels. Indeed, from June onwards, differences in abundance were only detected on more complex panels including the 100 mm scale (panel types F, G and H). Moreover, as observed for whole panels (Fig. 4 ) , higher abundances on panels with no 1 mm scale (A, C , D , G) were observed for March and June (Fig. 5) .
Abundance ( 
DISCUSSION
In this study, panel complexity was not the major factor structuring the community. At the scale of the whole panel, results clearly showed that the 1 mm heterogeneity scale mras the dominant factor influencing abundances negatively. Experimental studies using 3-D artificial structures found that passive settlement processes (i.e. hydrodynamics) were sufficient to explain the recruitment patterns of various species at scales greater than 3 cm, but at smaller scales (ca 1 mm) results of these experiments could not reject hypotheses for active larval and/or postsettlement exploration of the substratum (Harvey & Bourget 1997 , Bourget & Harvey 1998 . Similar results at the 1 nun substratum heterogeneity scale were also observed in the laboratory (Harvey & Bourget 1997) . Even though the importance of spatial scales has been recognized for many years, with active and passive processes predominating at different spatial scales (Butman 1987 , Bourget 1988 , Levin 1992 , our study indicates the specific importance of the lmm scale not only during the larval settlement phase but also during the subsequent development and maturation of the community.
A positive influence of complexity on abundance was observed in March only, early in the development of the community. This effect was no longer detected after important overgrowth occurred and space became a limiting factor (from June onward). In fact, no differences in total abundance were observed between September and January. By September, maximum abundance was reached and no more significant epizooic colonization occurred. However, although total abundance remained the same, major changes in species composition and diversity occurred and, as expected, highest diversity was observed in the intermediate stage of community development (June). Changes in diversity were related mainly to the 100 mm heterogeneity scale, regardless of the complexity level.
Hydrodynamic processes at heterogeneity scales 1, 20 and 100 mm were examined by Gregoire et al. (1996) using inert particles (PVC) in a laboratory flume. The same panels and sampling units (i.e. transects of 1 X 200 mm) were used in both experiments. Gregoire et al. (1996) showed that particle density (per cm2) decreased with increasing panel complexity. The opposite pattern was observed in March inside the 1 mm scale, suggesting that larval behaviour was involved in settlement selection site. Moreover, laboratory experiments found that the 1 mm crevice, when alone on a panel, significantly enhanced the density of 'settled' particles whereas the density decreased on panels with only the 10 and 100 mm crevices, a pattern precisely the opposite of what was observed in our experiment.
Using identical panels in short-term field experlments (d) in Beaufort, Lemire & found that Balanus sp. larvae settled predominantly on panels which did not include the 1 mm scale whereas Tubularia sp. larvae (a hydrozoan) selected the most complex panel type and generally settled on the most exposed surfaces. In a northern young epibenthic community that settled on similar panels at St. Andrews, New Brunswick, Canada, Bourget et al. (1994) found no effects of complexity on diversity nor on abundance (percent cover) within the first 3 mo of community development. However, the 1 mm scale was colonized to a greater degree than other scales in the first month of development, and 2 mo later the percent cover was greater in the 100 mm crevices than on other surface types. Thus, their results showed that mean diversity and total cover were affected differentially bp the scales of heterogeneity depending on the species. These combined results, in addition to observed patterns of occurrence between species and panel types in this study (Table l), suggest that larval behaviour (i.e. microhabitat selection) is involved in the settlement process despite local hydrodynamic conditions, and that microhabitat selection is species dependent. Passive settlement by hydrodynamics alone cannot explain the small-scale distribution of organisms on these artificial substrata.
For a current velocity of 5.75 cm S-', the mean velocity observed at our field site by Lemire & , Reynolds numbers (Re), which characterized the flow near the 3 crevice sizes of 1,10 and 100 mm, are respectively 49.5, 498 and 4980. Reynolds numbers were calculated as Re = u d l v , where U is the flow velocity (5.75 cm S-'), d is th.e depth of the crevices (effective depths were 0.866, 8.66 and 86.6 mm because the crevice sizes l , l 0 and 100 mm correspond to the hypotenuse of the crevices), and v is the sea water kinematic viscosity (0.01 cm2 S -' ) . The dynamics of boundary layer flow around the V-shaped cavities of the experimental panels and the critical zone of Re numbers where vortice shedding is stable are not known. However, for a cylindrical structure, important changes in flow pattern appear with Re > 40, in which a series of periodic vortices (called the Karman vortex street; Anderson & Charters 1982, Shimeta & Jumars 1991) are formed. Those vortices may induce larval retention or increase impingement of larvae near some parts of the structure (Harvey et al. 1995) . With more complex V-shaped grooves, patterns of flow dynamics are difficult to predict, and a study of flow near the grooves would be useful to interpret the results. Nevertheless, as the major influence on the percent cover observed is lower abundance associated with the 1 mm crevice, ~t is possible that for this size of crevice flow is laminar; this could explain the low abundance observed, no retention zone being formed by hydrodynamics. However, Gregoire et al. (1996) found higher densities of inert particles in the 1 mm crevices, which supports the hypothesis of active avoidance of small crevices by larvae under field conditions. Behaviour of species avoiding the 1 mm crevices could explain the difference between flume and field results.
In addition to the hydrodynamic retention process discussed above, predation could be a factor influencing diversity on the panels. However, we did not control for predation since control would be difficult without changing the local hydrodynamic flows. The V-shape in the panels may provide a refuge against predation and could be a factor increasing diversity on the panels. Indeed, this refuge effect may explain higher diversity associated with the 100 mm scale on the panels in January.
This experiment was equivalent to a pulse by contrast to a press experiment (Bender et al. 1984 , Schmitz 1997 . In the former, only the initial conditions are important for the experiment. By contrast, in a press experiment the conditions are maintained throughout the experiment. Our results showed a significant effect of heterogeneity well beyond 3 mo on community characteristics (diversity after 12 mo and abundance after 6 mo). Even if small scales cannot easily be observed when the layer of benthos became very dense (September onward) they might, for instance, facilitate the attachment of some species, create biotic heterogeneity, and impact on subsequent attachment and diversity. For example, either size and density of barnacles were shown to have an effect on the hydrodynamic regime over a population . Since the object of the experiment was to examine community characteristics in a 'pulse experiment' we feel it important to include all results including those related to the building of biotic heterogeneity. The results obtained confirm the (direct or indirect) importance of small scales even after 1 yr.
In conclusion, early successional stages of the temperate community structure were significantly affected by both heterogeneity and complexity of the su.bstratum. However, complexity is not the dominant fa.ctor influencing community structure. Indeed, heterogeneity scale of 1 mm was the dominant factor that significantly influenced abundances negatively, while changes in diversity were related mainly to the 100 mm scale of heterogeneity regardless of the complexity level. These results suggest that small-scale patterns of substratum heterogeneity and complexity must be considered when attempting to model the temporal development of epibenthic communities.
